Successful cell division requires accurate and complete DNA replication. The essentiality of DNA replication is reflected in the extraordinary conservation of the replication machinery across eukaryotes (Sclafani and Holzen 2007) , the multilayered regulation of DNA replication ensuring that the entire genome is replicated only once during S phase (Blow and Dutta 2005; Truong and Wu 2011) , and the numerous DNA repair and checkpoint pathways that engage at any flag of error (Sclafani and Holzen 2007) . However, origins of replication-the sites where replication is initiated-vary across eukaryotes (Sclafani and Holzen 2007; Masai et al. 2010) , are not all used in every cell cycle, and can be removed individually, as well as in large groups, without loss of cell viability (Dershowitz et al. 2007 ). This contrasting duality-collectively being essential for life, while individually free to diverge-raises the question of how, or if, origins of replication are conserved over evolutionary time.
Eukaryotic replication origins have been studied most thoroughly in the yeast Saccharomyces cerevisiae. The S. cerevisiae genome has 300-400 origins, each 100-500 bp in length, containing a functionally essential but not sufficient AT-rich consensus sequence, and residing in an intergenic space (Marahrens and Stillman 1992; Feng et al. 2006; Nieduszynski et al. 2007) . Limited data from other yeast species have painted a partial and somewhat confusing view of how origins evolve. Origins in the sensu stricto Saccharomyces species (2-20 million years divergence from S. cerevisiae) are predicted to be nearly identical in sequence and location with S. cerevisiae origins (Yang et al. 1999; Nieduszynski et al. 2006) . At 100-200 million years' divergence from S. cerevisiae, Kluyveromyces lactis also contains intergenic origins 100-500 bp in length, but its origins have a markedly different consensus sequence (Liachko et al. 2010) . Furthermore, K. lactis origins are not conserved in location with origins in S. cerevisiae. Finally, origins in Schizosaccharomyces pombe (500 million to 1 billion years diverged from S. cerevisiae) are 500-bp to 2-kb AT-rich stretches of DNA lacking any consensus sequence (Segurado et al. 2003) . It can roughly be inferred, then, that origins are only conserved in sequence and location over very short evolutionary distances but are conserved in AT content over great evolutionary distances.
The evolutionary history of S. cerevisiae is, however, marked by a whole genome duplication event (WGD) (Wolfe and Shields 1997; Kellis et al. 2004) . Following the WGD, the gene content and genome size were reduced to nearly the original non-WGD genome size by deletion of duplicate genes and their intergenic regions (Kellis et al. 2004) . As well, genome rearrangements occurred, generating novel chromosomes, mosaics of their non-WGD ancestors.
Given the turnover of intergenic regions and the nonessentiality of individual origins, it is not surprising that origins are not conserved in location between S. cerevisiae and K. lactis. It is, however, surprising that S. cerevisiae and K. lactis origins would contain different consensus sequences and could suggest that the WGD event caused a massive alteration in origin identity.
Here we aimed to better understand the evolution of origins by analyzing the replication origins in a yeast species more closely related to S. cerevisiae yet naïve to the WGD. To this end, we characterized origins and replication progression in Lachancea waltii (;150 million years diverged from S. cerevisiae; Berbee and Taylor 2001) and performed a detailed comparative analysis with S. cerevisiae. Our analyses described here reveal that L. waltii replication origins are very similar to those found in S. cerevisiae at the levels of sequence, structure, and regulation. In position, however, few L. waltii origins show evidence of being conserved with S. cerevisiae, though the number of conserved origin locations is greater than would be expected by chance. From these results, we argue, first, that origins have been strongly conserved in sequence, structure, and regulation by the replication machinery. Second, we argue that origins may have been maintained in location only when they affected the expression or genomic stability of surrounding genes. Ultimately, our work implies that origin activity readily relocates throughout the genome to accommodate genomic change, necessitating the hypothesis that the genome is littered with sequences capable of mutating into functional origins.
Results

Identification of L. waltii sequences promoting plasmid replication
To find sequences that promote replication, we employed the classic autonomously replicating sequence (ARS) assay (Stinchcomb et al. 1979 ). We constructed a 253 genomic library for L. waltii, comprised of genomic inserts ranging in size from 350 to 1000 bp. The coverage of this library was confirmed by Illumina sequencing (see Supplemental Text). We transformed this library into L. waltii and scraped ;46,770 colonies from plates that were selective for the genomic library plasmid (Fig. 1A ). Plasmids were batchpurified from the pooled colonies, and the sequences of the inserts on the plasmids were determined by Sanger and Illumina sequencing. Two-dimensional (2D) gel electrophoresis analysis of genomic replication intermediates revealed bubble arcs at the chromosomal locations corresponding to candidate ARSs (Fig.  1B) , confirming that our ARS assay was successful in identifying L. waltii origins.
After filtering the ARS Illumina data and extracting the sequences corresponding to ARSs (see Methods and Supplemental Text), we identified 182 ARS candidates ( Fig. 1C; Supplemental Fig. S1 ; Supplemental Data set S1). Additional ARS assays found three of these ARSs to be false positives and uncovered one false negative. Sanger sequencing identified 36 ARSs. All but three of these ARSs were represented in our Illumina data. Two of the three ARSs not recovered are located in nonunique regions of the genome (rDNA and mating locus; see the Supplemental Text for a discussion of these ARSs) and one is a weak ARS (LwARSVIII-680) that only produces transformant colonies on plates after an additional day of growth on selective medium. We finalized our ARS list with 183 ARS sequences.
Characterization of chromosome replication dynamics and origin usage in L . waltii While the ARS assay identified sequences that promote plasmid replication in L. waltii, it does not distinguish which sequences function robustly in L. waltii chromosomes nor the time during S phase that replication initiates from these sequences. Therefore, we next performed two genome-wide assays aimed at characterizing replication dynamics and origin usage in L. waltii.
We first identified chromosomal origins that fire early in S phase. In wild-type S. cerevisiae and Schizosaccharomyces pombe cells, single-stranded DNA (ssDNA) accumulates at early-firing replication origins when cells enter S phase in the presence of hydroxyurea (HU) (Feng et al. 2006) . Hence, by mapping the sites of ssDNA formation in L. waltii in the presence of HU, we can determine which ARSs are early-firing origins, as well as examine their organization across the genome.
We incubated a logarithmically growing culture of L. waltii cells in HU and harvested timed samples ( Fig. 2A) . Starting at 120 min after addition of HU, we see significant peaks of ssDNA at discrete locations scattered across the genome ( Fig. 2B ; Supplemental Figure 1 . The ARS assay. (A) Sheared genomic DNA was cloned into a plasmid that contained a centromere but lacked a yeast origin of replication. The markers on the plasmid, indicated by boxes, in clockwise order and starting at the 1:00 position are LacZ (blue) multiple cloning site (contains SmaI, KpnI, and SacI sites), Amp R (pink), KanMX R (green), L. waltii CEN7 (black). Plasmids with genomic inserts were transformed into L. waltii and plated on G418. Colonies growing on G418 were presumed to have ARS elements in their inserts. These colonies were scraped and plasmids were extracted. Primers flanking the LacZ cloning site were used to identify the genomic insert (the ARS). (B) ARSs sequenced by Sanger sequencing were confirmed by genomic 2D gel analysis. The presence of a bubble arc (arrow) indicates that the sequence acts as a chromosomal origin. (C ) All candidate ARSs were identified using Illumina sequencing. The top panel shows the raw sequencing data binned in 500-bp bins, shifting every 100 bp. The bottom panel shows the data after normalization against the genomic input library, removing all bins in the lower 97.5% of the data, summing adjacent remaining bins, and converting sequence read counts to Z-scores. Those remaining peaks with a summed Z-score of 12 or greater (above the shaded box) were scored as ARSs. The data for chromosome II are plotted with the centromere illustrated by a yellow ellipse. Plots for all chromosomes are shown in Supplemental Figure S1 . Fig. S2 ). Over time, these peaks gradually spread into neighboring regions, consistent with the slow movement of replication forks away from the origins of replication (Fig. 2B, inset) . We identified 93 statistically significant peaks (see Methods) that we designate as early-firing origins of replication (Supplemental Data set S2). For discussion here, we term these origins HU-positive (HU-pos) ARSs.
To view replication dynamics of the entire chromosome, we used the densitytransfer to array technique (Raghuraman et al. 2001; Alvino et al. 2007; McCune et al. 2008) . HU was used to promote the accumulation of cells in early S phase. We collected timed samples throughout S phase for flow cytometry, slot blotting, and microarray (Fig. 2C) . The plot of % HL DNA (replicated molecules) across chromosome II from cells held in HU and for three timed samples collected after the removal of HU are shown in Figure 2D . In HU, no significant peaks of replicated DNA are evident on chromosome II. Following removal of HU, DNA of hybrid density (HL) appeared initially at just a handful of sites-the earliest replicating regions of the genome that were identified by the ssDNA assay (cf. Fig. 2B and D, Supplemental Figs. S2 and S3). At later times, additional peaks of replicated DNA became prominent identifying later firing origins.
To confirm that origins of replication reside within these hybrid density peaks, we performed 2D gel analysis on 10 overlapping restriction fragments that tile across the early peak seen on the density transfer profile for chromosome II centered at position 1210 kb. We identified a single fragment containing an active chromosomal origin (representative 2D gels shown in Fig. 2E ). This fragment also corresponds to the local maximum identified by the ssDNA assay and was recovered in the ARS assay. In total, the density transfer replication profiles suggest there are ;200 chromosomally active origins in L. waltii with 174 being confidently identified following the methods of Alvino et al. (2007) .
Concordance among the three L. waltii replication assays
We see excellent agreement among the ARS assay, ssDNA maps, and replication profiles ( Fig. 3; Supplemental Figs. S4, S5) . All of the ssDNA origins are represented by peaks in the density transfer experiment, 84 of which are peaks computationally Figure S2 . (C ) Outline of density transfer experiment to monitor replication dynamics. L. waltii cells were pregrown in a heavy isotope medium and then transferred to a light isotope medium containing HU (100 mM). After 2 h, HU was removed and cells were collected over the course of the S phase. DNA isolated from these samples were fragmented and subjected to ultracentrifugation to separate the heavy-heavy (HH), unreplicated DNA from the heavy-light (HL), replicated DNA. The HH and HL DNAs for each sample were labeled and competitively hybridized on a microarray. (D) Replication of chromosome II as revealed by the density transfer. The different colored lines correspond to samples taken at different times in the S phase: black (arrest), blue (15% HL), purple (25% HL), red (45% HL). The centromere is shown by a yellow circle on the x-axis. Color-coded diamonds above the plots indicate locations and samples in which origin activity (peaks of HL DNA) was detected. Plots for all chromosomes are shown in Supplemental Figure S3 . (E ) 2D gel analysis across a representative HL DNA peak confirms that the peak contains an origin.
called following the methods of Alvino et al. (2007) . As well, 81 of the 93 ssDNA origins are found by the ARS assay; 137 of 183 ARSs coincide with computationally identified hybrid density peaks, and thus are clearly chromosomally used. The % HL values in the 25% HL density transfer sample at ssDNA origins are significantly greater than both the genome average and the % HL at ARS locations that are not ssDNA origins (P-value < 10 À15 , Welch two sample t-test) (Supplemental Fig. S6 ). We therefore have confirmation that the locations identified in the ssDNA assay are earlyfiring origins. With the total sum of these three assays, we created a tabulation of 195 L. waltii replicative sequences (Supplemental Data set S2). Based on the density transfer profile, we estimate that our list is missing a maximum of 20 origin locations. For further discussion on the overlap of the assays, see the Supplemental Text. In most of the analyses that follow, we excluded the two ARSs that lie outside of the canonical, assembled L. waltii genome: the rDNA ARS and the mating locus ARS (see Supplemental Text).
L. waltii ARSs are small sequences in large, divergently transcribed intergenic regions
Using our list of 195 L. waltii origin sequences, we were able to define the composition of L. waltii origins/ARSs and compare them with their functional counterparts in S. cerevisiae. The L. waltii ARSs have sizes between 250 and 1000 bp, mirroring the size range of ARSs recovered from similar assays in S. cerevisiae (Nieduszynski et al. 2007 ). As in S. cerevisiae (Wyrick et al. 2001; Nieduszynski et al. 2006) , L. waltii ARSs are located in large intergenic regions (;1.4 kb compared with an average of 0.6 kb). One L. waltii ARS (LwARSI-1118) is located at the 24-bp overlap of two divergently transcribed genes, raising the possibility that one or both of these ORFs have a misidentified start codon. Specifically, we find that L. waltii ARSs are depleted from convergently transcribed intergenic regions (P-value < 10
À5
, hypergeometric test), but are enriched in divergently transcribed intergenic regions (P-value = 0.0083, hypergeometric test) (Supplemental Table S1 ). This intergenic region preference is slightly reversed for S. cerevisiae, where ARSs have no preference for divergent intergenic regions, are depleted from co-directional intergenic regions, and are enriched in convergent intergenic regions (MacAlpine and Bell 2005; Nieduszynski et al. 2006; Yin et al. 2009 ). As a further point of comparison, K. lactis ARSs have no preference for intergenic region type (Liachko et al. 2010 ).
L. waltii ARSs contain an essential consensus sequence that is highly similar to that of S. cerevisiae ARSs S. cerevisiae origins are characterized by an AT-rich 11-to 17-bp ARS consensus sequence (ACS) termed the A element (Theis and Newlon 1997; Nieduszynski et al. 2006) , which is recognized by the origin recognition complex (ORC) making it essential for origin function. We analyzed the L. waltii ARSs for a consensus sequence and found a 13-bp consensus with remarkable similarity to the S. cerevisiae A element (Fig. 4 , blue box)-an AT-rich ACS with a central ATG sequence on the T-rich strand. Unlike in S. cerevisiae, though, the 17-bp extended A element (Fig. 4 , orange box) is not information rich.
Recently, Eaton et al. (2010) performed a more in-depth analysis of motifs within S. cerevisiae ARSs and recovered an additional motif downstream from the ACS. This motif corresponds to the B1 element, which is also bound by ORC (Rao and Stillman 1995; Rowley et al. 1995; Lee and Bell 1997; Chang et al. 2008) . By extending our motif search in L. waltii ARSs to 40 bp, we discovered an element parallel to the S. cerevisiae B1 element (Fig. 4) . Like the S. cerevisiae B1, this putative L. waltii B1 element is composed of two smaller motifs, the first of which has a weak AT-rich signal (Fig. 4 , purple box), and the second of which is marked by three highly conserved T/A's (Fig. 4, green box) . We observe in L. waltii an additional few base pairs on either side of the putative L. waltii B1 element (Fig. 4, red box) . Interestingly, this expanded B1 element is also observed in K. lactis; 189 of the 195 ARSs have at least one match to the A and B1 element motif (see Supplemental Data sets S2 and S3 for the best and all matches to the ACS for each ARS).
To test if this motif is required for L. waltii DNA replication, we mutated the 13-bp putative A element in nine ARSs and repeated the ARS assay (Table 1 ; Supplemental Data set S4). We found that disruption of these bases completely abolished ARS function. Some ARSs we tested had multiple matches to the ACS, but in each case it required deletion of one specific match-not necessarily the best one-to abolish ARS function. Given that there are over 10,000 matches to the 13-bp consensus sequence in the L. waltii genome, we can conclude that the consensus sequence is not sufficient for initiating DNA replication. We have not tested the L. waltii B1 element for essentiality. We expect it to be important for ARS function but nonessential as is the case for S. cerevisiae (Marahrens and Stillman 1992; Bell 1995) .
L. waltii ACSs show A-T asymmetry and are depleted for nucleosomes
In addition to the A and B1 elements, S. cerevisiae origins are also comprised of additional A-rich B elements lacking a defined consensus sequence (Eaton et al. 2010; Chang et al. 2011) . These sequences are located between 50 and 100 bp downstream from the T-rich ACS and as a result create an apparent A-T asymmetry at the ACS (Breier et al. 2004; Eaton et al. 2010 ). To determine whether this A-T asymmetry is a feature of L. waltii origins, we plotted the A/T and C/G ratios in 20-bp windows surrounding the ACS present in ARSs. We observe a gradual reduction in the A/T ratio approaching the T-rich ACS from 100 bp upstream (Fig. 5A, left) . Immediately following the ACS itself, the A/T ratio increases sharply and an A-rich region is achieved between 50 and 100 bp downstream from the ACS. This result is specific to origins as this A-T asymmetry was not observed in non-ARS, intergenic ACS matches (Fig. 5A, right) .
AT-rich sequences are observed to affect nucleosome positioning (Yuan et al. 2005; Field et al. 2008; Kaplan et al. 2009 ). The S. cerevisiae ACS in particular depletes nucleosomes at the ACS, irrespective of the direction of transcription, and positions nucleosomes on either side (Berbenetz et al. 2010; Eaton et al. 2010) . Using the published nucleosome data for L. waltii (Tsankov et al. 2010) , we investigated the nucleosome profile around L. waltii origins/ARSs. The nucleosome profile at L. waltii ARSs matches that seen for S. cerevisiae (Fig. 5B) . Moreover, we observed that the nucleosome depletion at the ACS is skewed 50-100 bp to the right of the ACS within the A-rich region exactly as is seen in S. cerevisiae (Berbenetz et al. 2010; Eaton et al. 2010 ). However, unlike in S. cerevisiae (Eaton et al. 2010) , HU-pos and HU-neg ARSs showed slightly different nucleosome profiles (Fig. 5B , blue vs. orange lines, respectively): While the HU-pos ARS nucleosome profile showed the skew in nucleosome depletion, the HU-neg ARSs did not. This profile was more similar to that seen for intergenic, non-ARS ACS matches throughout the genome (Fig. 5B , black line). This difference was not due to a difference in the A/T composition at the ACS in HU-neg ARSs: HU-neg ARSs still displayed the A-rich region 50-100 bp downstream from the ACS (data not shown). HU-neg ARSs include late origins and ARSs that do not fire on the chromosome. While we caution against overinterpretation, it is possible that these results indicate that nucleosome positioning may influence either the ability of an ARS to fire in the chromosomal context or its time of firing.
S. cerevisiae is able to replicate a plasmid with an L. waltii ARS Given the great similarity between ARSs in S. cerevisiae and L. waltii, we wondered whether an L. waltii ARS would be able to function in S. cerevisiae and vice versa. To test this idea, we transformed S. cerevisiae with a set of L. waltii ARSs. Two-thirds of these ARSs supported plasmid maintenance in S. cerevisiae either very well or partially (Table 1 ; Supplemental Data set S4). The top scoring L. waltii ACSs within these ARSs are the best match to the S. cerevisiae ACS. Among the four L. waltii ARSs that did not function in S. cerevisiae, one has the L. waltii and S. cerevisiae ACSs at different locations and one has no match at all to the S. cerevisiae ACS (Table 1 ; Supplemental Data set S4). The possibility remained, however, that for those L. waltii ARSs that were able to function in S. cerevisiae, different consensus sequences were being recognized by the two species. To determine if S. cerevisiae and L. waltii utilize the same sequence for replication, we tested whether ARSs with a mutated L. waltii ACS were functional in S. cerevisiae. For two of the three ARSs tested in S. cerevisiae, plasmid maintenance, as measured by colony forming ability, was abolished upon mutation of the L. waltii ACS (Table 1 ; Supplemental Data set S4). With the third ARS (LwARSVI-772), the ACS mutation only reduced ARS function in S. cerevisiae. We presume that, for this origin, the ACS used by S. cerevisiae differs from the essential ACS used by L. waltii. Therefore, S. cerevisiae is generally able to replicate a plasmid using the same fragment and essential sequence as L. waltii. Additionally, we tested a set of S. cerevisiae ARSs in L. waltii and found that L. waltii is able to use about two-thirds of S. cerevisiae ARSs (Supplemental Data set S4). Overall, we have sequence, structure, and now functional evidence demonstrating that L. waltii and S. cerevisiae ARSs are highly similar.
L. waltii centromeres are early replicating and telomeres are late replicating
We next examined how L. waltii ARSs are organized in the genome. The average spacing between adjacent ARSs along L. waltii chromosomes (;52 kb) is intermediate in value between the ARS spacing in S. cerevisiae (;30 kb) and K. lactis (;71 kb) (Supplemental Fig. S7 ). The early (HU-pos) ARSs in L. waltii occur in clusters (P-value = 0.0106, two-sample Kolmogorov-Smirnov test on distribution density values; P-value = 0.0105, test on mean value) similar to the clustering of early origins in S. cerevisiae (McCune et al. 2008) . HU-neg ARSs in L. waltii do not display clustering (P-value = 0.1424, two-sample Kolmogorov-Smirnov test on distribution density values; P-value = 0.1855, test on mean value). However, as previously mentioned, we cannot be confident that all HU-neg ARSs are able to fire on the chromosome. We observed that landmark locations in the L. waltii genome replicate at characteristic times in S phase. Centromeres are among the first regions of the L. waltii genome to be replicated while telomeres are among the last. At the 25% HL sample in the density transfer experiment, the 25-kb region around centromeres had an average of 44% HL while 25 kb from the ends of the assembled chromosomes, which cover the subtelomeric regions and at least some of the complete telomeres, had an average of 23.4% HL. Both of these values are significantly different from the average % HL of the entire genome at this time in S phase, 26.1% (P-value < 10 À15 , Welch two sample t-test) (Supplemental Fig. S8) . A visual inspection of the chromosomes makes it apparent that not only are centromeres early replicating and telomeres late replicating, but also that the ARSs closest to centromeres are early firing and those closest to telomeres are late firing ( Fig. 3; Supplemental Fig. S4 ). The only telomere displaying a high % HL (42.5%) at this time in S phase is the left telomere on chromosome VII. The centromere on chromosome VII is 78 kb from the left end of the chromosome, and its presence may explain why this telomere replicates early (see Discussion). These observations of early replicating centromeres and late replicating telomeres are identical to what has been observed for S. cerevisiae (McCarroll and Fangman 1988; Raghuraman et al. 2001; McCune et al. 2008) . Together, these results demonstrate that, while origin spacing differs between the two species, the temporal organization of replication is similar.
Few origins are conserved across yeast species
Given that the sequences of origins and replication of chromosomal domains are similar between S. cerevisiae and L. waltii, we wondered whether these two yeasts' origins might be conserved in physical location. Unlike genes, however, origins have no individual identity-we cannot tell if two origins share a common ancestor based on homology. We therefore asked whether origins might be conserved with respect to neighboring genes and hence syntenic between S. cerevisiae and L. waltii. To do so, we mapped S. cerevisiae ARSs onto the L. waltii genome (see Methods and Supplemental Fig. S9 ). We then counted the number of L. waltii ARSs existing where the S. cerevisiae ARSs mapped. As all mappings were completed using intergenic regions, we excluded LwARSI-1118, in addition to the L. waltii rDNA ARS and the mating type locus ARS, from this analysis. The locations of the L. waltii origins were also randomized to determine what degree of overlap of ARSs we should expect by chance alone.
We find that 55 of 193 L. waltii ARSs overlap with S. cerevisiae ARSs and this degree of overlap is highly significant (P-value < 0.0001, permutation test, see Methods) (Supplemental Data set S5). These L. waltii ARSs were split between HU-pos (35) and HU-neg ARSs (20) and both groups significantly overlapped with S. cerevisiae ARSs (HU-pos ARSs, P-value < 0.0001; HU-neg ARSs, P-value = 0.0305; permutation test). There was some degree of correlation in the replication timing of these L. waltii-S. cerevisiae conserved origins (r = 0.3229, Spearman's rank correlation, P-value < 0.02), and 63% of the origins agree in HU status.
Our initial scheme for mapping S. cerevisiae ARSs was fairly liberal and allowed a single S. cerevisiae ARS to map twice in L. waltii and on two completely different chromosomes when the S. cerevisiae ARS occurs next to a break in synteny. To see if different results would be obtained by enforcing a more stringent mapping of S. cerevisiae ARSs in L. waltii, we repeated the above analysis but only used those S. cerevisiae ARSs that mapped to a single location in L. waltii. Even using this strict synteny mapping of S. cerevisiae ARSs, we still find ARSs to significantly overlap between the two species (P-value < 0.0001, permutation test).
Ultimately, we wish to know if an origin in S. cerevisiae and L. waltii are derived from a common ancestor. While we have attempted to glean such information by seeing whether ARSs from the two species map to the same location in L. waltii, such overlaps do not necessarily imply evolutionary descent. To estimate the frequency that two ARSs mapping to the same location might actually be evolutionarily related, we performed the identical procedure using tRNAs. For tRNAs we were able to determine not only if two tRNAs are syntenic but also whether they encode the same tRNA anticodon. We find 94 of 214 L. waltii tRNAs are predicted to be conserved (Supplemental Data set S5). While there are many differences between tRNAs and ARSs, if the two share a similar false positive rate in homology assignment, we predict that 41 L. waltii ARSs are truly homologous with an S. cerevisiae ARS. We fully recognize that this false positive rate assumption is flawed but consider it a useful benchmark to assess how many ARSs may truly be related by descent.
We were also curious to see how conserved ARSs are between L. waltii and the non-WGD yeasts K. lactis and L. kluyveri. We find that 28 of 193 L. waltii ARSs overlap with K. lactis ARSs, and this overlap is highly significant (P-value = 0.0001, permutation test) (Supplemental Data set S5). Using a K. lactis tRNA correction of 16.5%, we expect 23 of these matches to be homologous. Of the known 84 L. kluyveri ARSs (Liachko et al. 2011) , 73 of which map into L. waltii, 14 are conserved with L. waltii (P-value < 0.0001, permutation test) (Supplemental Data set S5). Applying a tRNA correction of 8.1%, we estimate 13 known L. kluyveri ARSs to be homologous with L. waltii ARSs.
To summarize our findings, we estimate that ;21% of L. waltii ARSs are conserved with S. cerevisiae ARSs, 12% of L. waltii ARSs are conserved with K. lactis, and 18% of L. waltii ARSs are conserved with L. kluyveri (Table 2) . These values are very similar to the percent of ARSs in S. cerevisiae that appear to have been maintained in duplicate copy following the WGD (Table 2) .
Origins may be conserved through their effects on surrounding genes
Unlike genes, any individual origin is believed to be redundant with neighboring origins and therefore nonessential (Dershowitz et al. 2007 ). For these reasons, it is unclear what the selective forces might be that act to preserve any single origin over evolutionary time. While very few ARSs appear to be conserved between L. waltii and S. cerevisiae, more are conserved than can be explained by random chance. We infer there may be some characteristic in common among these origins that promoted their evolutionary conservation. We did not find anything significant with regard to replication time or surrounding gene expression of conserved ARSs (see Supplemental Text). By GO term analysis, we did observe enrichment of conserved ARSs, around the genes encoding histones (Supplemental Table S2 ). Conserved ARS LwARSII-573 is adjacent to the genes for histone subunits H31 and H41, LwARSII-588 is by genes for histone subunits H2B2 and H2A2, and LwARSII-851 is by the genes for histone subunits H2A1 and H2B1. Interestingly, LwARSII-573 is conserved with both S. cerevisiae and K. lactis, and LwARSII-851 is conserved with S. cerevisiae and L. kluyveri (the adjacent intergenic region in K. lactis contains an ARS).
The strong conservation of ARSs around histone genes suggests a relationship between replication and the transcriptional regulation of these genes. In S. cerevisiae the expression of HTA1 (H2A1), HTA2 (H2A2), HTB1 (H2B1), and HTB2 (H2B2) are dependent on DNA replication (Lycan et al. 1987; Omberg et al. 2009 ). Expression of these genes decreases in the absence of replication. In addition, the entire family of histone genes in S. cerevisiae replicates earlier than the other genes (Raghuraman et al. 2001) . We note that all three of these L. waltii ARSs are early firing. Together, these data argue that there exists a selective advantage for cells that are able to replicate their histone genes early in S phase. It is likely that the early doubling of histone mRNA templates ensures efficient production of histones prior to the duplication of the rest of the genome. The relationship between the histone genes and origins may be exceptional for we did not observe genome-wide correlations in replication and gene expression (see Supplemental Text).
We also observed enrichment of conserved ARSs within 100, 50, or 25 kb of centromeres (P-values # 0.01, resampling test) (Supplemental Fig. S4 ). As previously discussed, L. waltii, like S. cerevisiae, centromeres reside within clusters of early replicating origins. Indeed, 13 of the 14 conserved ARSs closest to the centromeres in L. waltii are early replicating. Centromeres have been discovered to regulate the firing time of nearby origins (see Dis- Table 2 . Conservation of genes, tRNAs, and ARSs in multiple genome comparisons Genes  -87%  -88%  -89%  -12%  tRNAs  59%  44%  45%  38%  75%  69%  57%  43%  ARSs  28%  21%  15%  12%  19%  18%  21%  15% a For the L. kluyveri-L. waltii comparison, percentages of conserved ARSs are reported relative to L. kluyveri because a complete mapping of L. kluyveri ARSs is not available. b S. cerevisiae-S. cerevisiae refers to those features maintained in a duplicate copy following the whole genome duplication. c Features conserved in location without regard to whether the two features are homologous. d Features that are conserved in location and are homologous. The values for ARSs are estimates based on the false positive rate found from tRNAs. cussion). In doing so, they may also create a genomic environment that promotes origin conservation.
Origins may be conserved by promoting gene amplifications or genome rearrangements
As we identified 74 L. waltii origins that appear to be conserved in location with S. cerevisiae, K. lactis, and/or L. kluyveri we wondered if origins may be conserved via some other effect on surrounding genes. For example, we note that origins are conserved around all three L. waltii hexose transporter genes. This family of genes underwent a massive gene amplification in the lineage leading to S. cerevisiae and is suspected to support a fermentative, glucosedependent lifestyle (Conant and Wolfe 2007) . Furthermore, it is observed that, under experimental conditions of limiting glucose, these genes readily amplify (Brown et al. 1998; Dunham et al. 2002; Gresham et al. 2008; Kao and Sherlock 2008) . Interestingly, of the 17 S. cerevisiae hexose transporter genes, all but four are within a gene or two of an origin. Therefore, the expansion of the hexose transporter genes in S. cerevisiae likely maintained the proximity of these genes to origins. We and others have reported that gene amplifications and other genome rearrangements are frequently bounded by origins (Di Rienzi et al. 2009; Gordon et al. 2009; Liachko et al. 2010) . Moreover, we have suggested that one mechanism by which gene amplification occurs depends directly on proximity to an origin of replication . These data raise the possibility that the expansion of the hexose gene family was dependent on proximity to an origin, which in turn promoted the maintenance of these origins.
If origins can be conserved by facilitating gene amplifications, then conserved ARSs should be associated with genomic breakpoints in synteny. Remarkably, we find that almost half of the ARSs conserved between S. cerevisiae and L. waltii are within 1 kb of an S. cerevisiae-L. waltii breakpoint and that this association is highly significant (P-value = 0.0017, MEDM permutation test) (Table 3;  Supplemental Table S3 ). This association is not recapitulated in analyzing breakpoints and conserved ARSs between L. waltii and K. lactis, but as the total number of conserved ARSs between these species is very low (8), sample size may explain this result.
Discussion
Here we have provided the first comprehensive, high resolution, genome-wide look at origins and replication dynamics in a budding yeast other than S. cerevisiae. We have performed this study in a yeast that is 150 million years diverged from S. cerevisiae and did not experience the WGD. This work affords us the capacity to understand the essential characteristics of replication in budding yeast and to determine to what degree origins are permitted to change during massive genome restructuring. Our results demonstrate that the sequence and structure of origins as well as the dynamics of chromosome replication are well conserved, but that the genomic location of origins is not conserved, with the exception of instances where the origin may have had an impact on the expression or stability of surrounding genes.
The implications of the similarity in ARS sequence and nucleosome structure are straightforward: The element that constitutes an origin has remained largely the same over the divergence of L. waltii and S. cerevisiae. Conservation of origin sequence and structure was almost certainly driven by conservation in the protein machinery that recognizes the ACS within the origin, namely the ORC.
Notable differences do exist between the ACSs in these two yeasts. The extended 17-bp A element in L. waltii is not as rich in information content as that in S. cerevisiae, and the L. waltii B1 element contains additional bases not reported in the S. cerevisiae B1 element. It is tempting to speculate that these differences may reflect differences in ORC binding between the two species. In particular, we predict that the L. waltii ACS makes fewer contacts with Orc2p and more contacts with Orc5p when compared with S. cerevisiae (Lee and Bell 1997) . These L. waltii ORC subunits are not more diverged from their respective S. cerevisiae ORC subunits compared with the other L. waltii ORC subunits so we cannot at this time evaluate whether there is any substance to this hypothesis. We do note that the few L. waltii ARSs that fail to function in S. cerevisiae are less well matched with the S. cerevisiae ACS at the B1 element than at the A element. This observation is in line with what has been previously reported for S. cerevisiae: Deviations in sequences outside of the ACS, especially the B1 element, can affect the function of the ARS (Chang et al. 2011) .
Intriguingly, in considering the ACSs of S. cerevisiae, L. waltii, K. lactis (Liachko et al. 2010) , and L. kluyveri ( Fig. 4 ; Liachko et al. 2011) , it becomes apparent that these noted differences in the L. waltii ACS are not unique to L. waltii. L. kluyveri and K. lactis also show only the smaller A element, and the expanded B1 element of L. waltii is found in K. lactis. In considering the phylogeny of these yeasts, it thus appears that the ACS has changed gradually and steadily over evolutionary time.
Despite the sequence and structural similarity of origins, we did not find origins to be well conserved in location. Combined with knowledge that, when origins are lost, cryptic, ''backup'' origins may be able to fire (Dershowitz et al. 2007; Blow et al. 2011) , our work suggests that the genome is littered with weak, potential origin ''seeds.'' In support of this idea, both the S. cerevisiae and L. waltii genomes have over 10,000 matches to the ACS sequence. We envision that, if strong origin sequences were removed during the genome reduction following the WGD, these seeds may have evolved to serve as origins. Based on our analysis of ARS conservation between the closely related yeasts L. waltii and L. kluyveri, it would appear that origin sites mutate in and out of function very rapidly.
It is difficult to address what changes occurred to convert a sequence from a potential to a functional origin. Since origins do not occur in all types of intergenic regions with equal frequency, the transcriptional direction of neighboring genes may affect where an origin can appear. However, intergenic region preference differs across yeast species: S. cerevisiae ARSs preferentially reside in convergently transcribed intergenic regions (MacAlpine and Bell 2005; Nieduszynski et al. 2006; Yin et al. 2009 ), K. lactis ARSs have no preference (Liachko et al. 2010) , and L. waltii and S. pombe origins prefer divergent intergenic regions (Segurado et al. 2003) . 
Illumina sequence data analysis
Illumina reads were mapped onto the L. waltii genome using the software Bowtie (Langmead et al. 2009 ). Only reads mapping uniquely in the L. waltii genome were analyzed. The L. waltii genome used here includes the assembled L. waltii genome described previously (Di Rienzi et al. 2011) , the L. waltii mating locus, the 2 mm plasmid (Chen et al. 1992) , and the rDNA locus (described here; see Supplemental Text). For aligning paired-end reads, an insert size between 250 and 1100 was allowed in Bowtie. When single-read sequencing data were used, sequences were extended 500 bp to estimate the complete insert.
Fragments that contain ARSs were identified in the sequencing data through a filtering scheme. The ARS library Illumina sequence data were converted into sequence abundance in overlapping windows across the genome, normalized against the genomic library, and finally evaluated using a cutoff based on sequence abundance to determine which recovered fragments correspond to ARSs. This filtering method incorporates the observations that ARS sequences are clustered and in the upper tail of the distribution for sequence abundance. For complete details on the filtering process see Supplemental Text and Supplemental Figure S10 .
L. waltii microarray design
A custom Agilent microarray (Agilent Technologies order number G4497A, archived in NCBI GEO under accession no. GPL15109) with ;33,000 unique L. waltii probes was designed. See Supplemental Text for further details.
ssDNA mapping
L. waltii cells were grown in YEPD to mid-log phase (OD 660 0.4). HU was added to a final concentration of 200 mM (see Supplemental Text) . Timed 300 mL samples were harvested at 120, 180, and 240 min after HU addition and arrested with 6 mL of 10% sodium azide and 48 mL of 0.5 M EDTA. The G1 control sample was produced by transferring logarithmically growing L. waltii into medium low in ammonium sulfate and incubating for 20 h before harvesting cells. G1 and S phase cells were processed for ssDNA labeling as per Feng et al. (2007) , and competitively hybridized to the custom L. waltii microarray. Hybridizations and scanning were performed by the University of Washington Center for Array Technology according to the manufacturers' instructions. Data were normalized and the S/G1 ratios calculated as previously described (Feng et al. 2006) . The data were Lowess-smoothed using a 6-kb window, unless the window contained a gap predicted to be >750 bp according to Kellis et al. (2004) . Statistically significant peaks were calculated as previously described (Feng et al. 2006; McCune et al. 2008) , and peaks that achieved statistical significance in at least five of six microarray data sets were included in the final list of HU-pos ARSs. The ssDNA microarray data are available at NCBI GEO under accession no. GSE35253 and the processed data are provided in Supplemental Data set S6.
Density transfer
Dense isotope transfer experiments were used to generate genomewide replication timing data as previously described (Raghuraman et al. 2001 ) with modifications described in the Supplemental Text. Array hybridizations and scanning were performed by the University of Washington Center for Array Technology according to the manufacturers' instructions. Data were normalized to the percent replication calculated from the slot blots as previously described (Alvino et al. 2007 ). Data were then Lowess-smoothed using a 20-kb window, except where windows contained gaps predicted to be >750 bp according to Kellis et al. (2004) . Smoothed % HL values from two microarray hybridizations (dye swaps) were averaged with the exception of the 25% HL sample for which dye swaps were not available. Peaks in % HL profiles and the timed samples in which those peaks became significant were identified as described by Alvino et al. (2007) . The HU arrest sample was used as a control for the baseline variation in % HL. The density transfer microarray data are available at NCBI GEO under accession no. GSE35155 and the processed data are provided in Supplemental Data set S7.
Motif searches
The MEME (Bailey and Elkan 1994) Suite v4.1.1 was downloaded from http://meme.nbcr.net/. A second order Markov model of the background was built from L. waltii intergenic sequences. Motifs of size 20-40 bp were searched assuming the motif is present zero or once per sequence (the ZOOPS model) and enriched over the background. Motif diagrams were generated using WebLogo (Crooks et al. 2004) . MAST (Bailey and Gribskov 1998 ) with a P-value cutoff of 0.001 and an E-value cutoff of 100 was used to find matches to the motif in ARSs and all intergenic regions. The S. cerevisiae origin motif position weight matrix and background model were obtained from Eaton et al. (2010) .
ARS mutagenesis
The putative motif was replaced with an EcoRV site using a standard PCR based method detailed in the Supplemental Text. Mutations were verified by sequencing.
Nucleosome profiles
Inferred nucleosome occupancy for asynchronously growing midlog phase L. waltii cells were taken from Tsankov et al. (2010) . Only nucleosome positions for the assembled L. waltii genome (Di Rienzi et al. 2011) were used. Four regions in the genome showed double the nucleosome occupancy of the surrounding regions. These discrepancies, likely due to copy number artifacts, were corrected (see Supplemental Text). Nucleosomes mapping within 1 kb of the start of the T-rich strand of the ARS motif were plotted using the loess.smooth function in the R statistical environment using 1000 points (evaluation parameter) and a smoothness parameter (span) of 0.035.
Clustering analysis of origins
The numbers of ARSs in a row that were all HU-pos (recovered from ssDNA assay) or all HU-neg were counted to define the cluster size. The cluster size null distributions were determined by shuffling the ARS type labels 10,000 times. Distributions were converted into density values. Separately, the mean cluster size from the real distribution was compared against the null distribution of means generated from the simulations.
